Introduction {#S0001}
============

Pluripotency is the ability of a given cell to become any cell type of our body. The majority of cells lose this "talent" during development of an organism due to cellular differentiation. Thus, in our bodies very few cells remain pluripotent (e.g. mesenchymal stem cells). This observation puzzled researchers for over a century and prompted them to ask how cells become and stay pluripotent and whether or not cellular fate can be reversed. Answering these questions led to a technology called cellular reprogramming, allowing for the generation of pluripotent cells, so-called induced pluripotent stem cells (iPS cells), from terminally differentiated cells (e.g. fibroblasts). With their characteristics, iPS cells resemble embryonic stem cells found in the early stages of mammalian development. The discovery that cellular fate can be reversed by genetic manipulations was awarded in 2012 with the Nobel Prize in Physiology or Medicine to Prof. Yamanaka. It also raised great hopes for the generation of new, personalised cellular models of several diseases, as well as for progress of regenerative medicine. Here, we briefly review the laboratory approaches and molecular mechanisms leading to induced pluripotency.

Methods for induced pluripotent stem cell generation {#S0002}
====================================================

Reprogramming factors used for pluripotency induction {#S20003}
-----------------------------------------------------

In 2006, Takahashi and Yamanaka analysed 24 transcription factors (TFs), which could efficiently transform terminally differentiated cells, like fibroblasts, into induced pluripotent stem cells, which share characteristics with embryonic stem cells (ESCs) \[[@CIT0001]\]. Surprisingly, they discovered that a combination of just four TFs, namely octamer-binding transcription factor 3/4 (Oct3/4, O), sex determining region Y-box 2 (Sox2, S), Krueppel-like factor 4 (Klf4, K), and c-Myc (M) (Yamanaka factors, OKSM), is sufficient to reverse the fate of somatic cells and push them towards pluripotent, embryonic-like stage. However, high expression of Oct3/4, compared to other factors, was required for efficient generation of iPS cells \[[@CIT0002]\]. Yamanaka\'s success triggered the use of this technology for reprogramming of other somatic cells and the search for other effective combinations of reprogramming factors (RFs), including TFs and proteins with different cellular functions (e.g. RNA-binding protein Lin28).

Shortly after Yamanaka\'s discovery, Thomson\'s team reported successful reprogramming of human fibroblasts with a different cocktail of four RFs consisting of Oct3/4 (O), Sox2 (S), Nanog (N), and Lin28 (L) (OSNL) \[[@CIT0003]\]. Further studies included increasing and decreasing number of RFs. Cocktails including five (OSKMN or OSKNL) or six (OSKMNL) transgenes have been tested in order to improve the efficiency of iPS cell generation from keratinocytes and fibroblasts \[[@CIT0004], [@CIT0005]\], or reprogramming of more problematic cells like vascular smooth muscle cells, neonatal fibroblasts, cord blood, or peripheral blood cells \[[@CIT0006]--[@CIT0008]\]. On the other hand, it turned out that endogenous expression of at least one of the reprogramming factors in certain cell types allowed a reduction in the number of overexpressed RFs. The amniotic fluid-derived cells, characterised by high levels of c-Myc, could be transformed with Oct3/4, Sox2, and Nanog only \[[@CIT0009]\]. CD133-positive stem cells from umbilical cord blood required overexpression of only Oct3/4 and Sox2 \[[@CIT0010]\]. Human melanocytes were found to express endogenous Sox2, and were successfully reprogrammed with the three-factor cocktail (Oct3/4, Klf4, and c-Myc) \[[@CIT0011]\]. When foetal neural stem cells, which express high levels of endogenous Sox2, were subjected to reprogramming, the success of the process required just Oct3/4 overexpression \[[@CIT0012]\].

One of the major obstacles of use of Yamanaka\'s factors is low efficiency of reprogramming. It transpired that the p53 signalling pathway activation by c-Myc and Klf4 accounts for that \[[@CIT0013]\]. Consequently, knockdown of p53 in keratinocytes allowed for iPS cell generation in the absence of either c-MYC (OSK cocktail) or c-MYC and KLF4 (OS cocktail) \[[@CIT0014]\]. A combination of shRNA against p53 with OKSM appeared to be indispensable for successful reprogramming of postmitotic neurons \[[@CIT0015]\].

In addition to OKSM/OSNL cocktails, a variety of other pluripotency-related factors have also been tested, e.g. undifferentiated embryonic cell transcription factor 1 (Utf1), Sal-like protein 4 (Sall4), or telomerase reverse transcriptase (hTERT). Utf1, when overexpressed together with OSKM, increased colony formation during primary fibroblast reprogramming \[[@CIT0016]\]. Sall4 allowed for efficient generation of iPS cells from dermal fibroblasts, without c-Myc overexpression \[[@CIT0017]\]. Finally, telomerase reverse transcriptase (hTERT) when expressed alongside OSKM and SV40 large T antigen, not only increased the number of obtained iPS cell colonies, but also allowed for reprogramming of uncommon "target cells" such as bone marrow mesenchymal stem cells and peripheral blood mononuclear cells \[[@CIT0018], [@CIT0019]\].

Delivery methods for induced pluripotent stem cells generation {#S20004}
--------------------------------------------------------------

As mentioned above, production of iPS cells requires induction of a pluripotency state that usually is achieved by overexpression of RF cocktails. However, regardless of the cell type and combination of used RFs, the success rate is very low and the reprogramming efficiency on average does not exceed 1% \[[@CIT0020]\]. Thus, a major aim of new strategies is to increase reprogramming efficiency. Delivery methods are typically classified as viral and non-viral \[[@CIT0020]\] ([Fig. 1](#F0001){ref-type="fig"}). Both can be further divided to integrative and non-integrative methods as well as to DNA- or RNA-based approaches \[[@CIT0020]\]. Protein-based methods are also used \[[@CIT0020]\].
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Up-to-date integrating viral vectors such as recombinant gamma retroviruses (e.g. Moloney murine leukaemia virus) and lentiviruses have been the most intensively used. Originally, each gene for RF was placed under the control of a viral promoter and introduced to somatic cells as a separate retroviral particle \[[@CIT0001]\]. The advantage of this approach is that expression of reprogramming RFs is epigenetically silenced once pluripotency is achieved, lowering the risk of oncogenic transformation of reprogrammed cells \[[@CIT0018], [@CIT0021]\]. However, reactivation of RF expression was reported upon further differentiation \[[@CIT0020]\]. Moreover, use of separate retroviral vectors leads to multiple insertional mutagenesis, increasing malignancy risk \[[@CIT0020]\]. These safety concerns led to important technological improvements, concerning insert copy number and control of transgene expression. Firstly, viral vectors with single polycistronic expression cassette, encoding RFs, have been developed to decrease the risk of insertional mutagenesis. Both polycistronic retroviruses and lentiviruses have been successfully used for reprogramming \[[@CIT0022], [@CIT0023]\]. Another important step was replacement of viral promoters, controlling expression of RFs, to genetically engineered, inducible ones, e.g. tetracycline-inducible promoter \[[@CIT0020]\]. Such promoters can be turned on and off pharmacologically (e.g. by doxycycline administration to the culture media); therefore, expression of reprogramming factors is tightly controlled. This approach was used for iPS cell generation in combination with various delivery methods \[[@CIT0020]\].

To further increase the safety of viral technology, excisable transgenes and non-integrating vectors were developed \[[@CIT0020]\]. For the first approach, polycistronic OSKM or OSK cassette, flanked by loxP or frt sequences recognised by Cre or Flp recombinase, respectively, were introduced to fibroblasts \[[@CIT0024], [@CIT0025]\]. Once reprogramming was finished, appropriate recombinase was transiently introduced to IPS cells and the expression cassette was removed. However, both recombinases leave "genomic scars". Therefore, as an alternative to widely used Cre-LoxP system, non-integrating vectors such as adenoviruses, integration-deficient lentiviruses, and Sendai viruses were introduced \[[@CIT0020]\]. However, such vectors might be difficult to eliminate from reprogrammed cells, and currently major efforts are focused on resolving this issue.

Non-viral delivery approaches for production of iPS cells can be divided to DNA-, mRNA-, or protein-based, due to the nature of the used "vehicle" \[[@CIT0020]\]. In case of DNA-based delivery, both integration and integration-free methods were developed but often are quite inefficient and require several rounds of transfection \[[@CIT0020]\]. Among the integrative methods, use of transposon-derived excisable vectors encoding a polycistronic cassette (e.g. OKSM) is an attractive option. There are two transposon-based methods currently used, namely *piggyback* and *sleeping beauty*, and both were effectively used to obtain mouse and human iPS cells \[[@CIT0026], [@CIT0027]\]. Importantly, in the case of *piggyback*, transposase-driven excision of OKSM cassette left the genome scar-free after reprogramming. As an alternative, several integration-free methods for IPS cell generation have been utilised based on polycistronic plasmids, episomal vectors, and DNA minicircles \[[@CIT0020]\].

An important alternative to the above methods is protein- or RNA-based reprogramming. The protein-based approach was the first reported strategy that bypasses the need for exogenous DNA introduction to targeted cells, leading to generation of footprint-free iPS cells. Proteins have limited ability to cross the cellular membrane; therefore, for intracellular delivery reprogramming proteins need to be fused to peptides facilitating protein transmembrane penetration. Polyarginine domains, called cell penetrating peptide (CPP), and human immunodeficiency virus transactivator protein (HIV-TAT), called protein transduction domain (PTD), are commonly used to tag OKSM or OKSMN factors for protein-based reprogramming of somatic cells \[[@CIT0028]--[@CIT0030]\]. The protein fusions were produced either in *Escherichia coli* or in HEK293 cells, and next target cells (usually mouse or human fibroblasts) were exposed to purified proteins or HEK293 cell extract \[[@CIT0028]--[@CIT0030]\]. Protein reprogramming, however, required several rounds of exposition to RFs as well as the presence of valproic acid (VPA), and its efficiency varied between 0.001% and 0.01%.

The ability to transfect cells with mRNA encoding RFs offers another method to make footprint-free iPS cells. Using a cocktail of *in vitro*-generated, modified synthetic mRNA that encodes the reprogramming factors (OKSM), Warren *et al*., upon several rounds of transfection, reprogrammed human fibroblasts and keratinocytes to iPS cells within 20 days with an efficiency of 1.4%. By adding Lin28 to the Yamanaka reprogramming factor protocol, culturing cells in low oxygen, and including valproic acid in the cell culture medium the efficiency of the reprogramming process could be increased to 4.4% \[[@CIT0031]\]. The RNA-based method has several advantages over the others, yet several hurdles still need to be overcome, e.g. short mRNA lifetime and foreign mRNA cytotoxicity triggered by the interferon-mediated innate immune response \[[@CIT0031]--[@CIT0033]\].

Molecular mechanisms underlying successful reprogramming {#S0005}
========================================================

Takahashi and Yamanaka in 2006 showed that exogenous Oct3/4 and Sox2 are essential for generating mature iPS cells, while exogenous Klf-4 and c-Myc increase efficiency and accelerate the process \[[@CIT0034]\]. However, despite a number of published reports on generation of iPS cells, knowledge of molecular actions of key pluripotency-inducing factors and the timeline of reprogramming is surprisingly limited. Global analysis of gene expression during reprogramming suggests that this is a stepwise process \[[@CIT0035]\]. During the initial stage expression of genes that control DNA replication and cell division is enhanced, while the expression of genes responsible for cell adhesion and cell-cell contact is repressed \[[@CIT0036]\]. Originally, it was hypothesised that the reprogramming process is either stochastic or hierarchical, with a strictly defined sequence of molecular changes leading to the formation of iPS cells \[[@CIT0037], [@CIT0038]\]. However, work by Buganim *et al*. \[[@CIT0039]\] united both theories and showed that reprogramming consists of both, a stochastic and hierarchical phase \[[@CIT0039]\] ([Fig. 2](#F0002){ref-type="fig"}). Single-cell expression analysis revealed that in fibroblasts, exogenous RFs randomly trigger a cascade of events leading to the formation of a fraction of pre-iPS cells, of which only a small proportion become fully functional stem cells. Interestingly, the authors showed that in sister cells from initial colonies the order of induced genes can significantly differ. Nevertheless, their expression needs in turn to activate predictive markers of reprogramming -- oestrogen-related receptor beta (Esrrb1) and Utf1. This is a key step for transition from the random phase to the hierarchical one, which starts with activation of endogenous Sox2 \[[@CIT0036]\].

![Early stochastic and late hierarchical phases of reprogramming. After transfection with reprogramming factors, cells proceed to an early probabilistic, chaotic phase of gene activation, which leads to endogenous Sox2 activation. This is a key step for transition from the random phase to the hierarchical phase, characterised by the highly ordered sequence of ongoing processes (activation of major pluripotency markers)](WO-19-24045-g002){#F0002}

One of OKSM factors is c-Myc, which is known to activate genes responsible for increased proliferation and cell transformation, many of which are involved in the generation of iPS cells. c-Myc, individually or in combination with other Yamanaka\'s factors, acts during the initial phase of reprogramming and activates pluripotency markers just a few days after derivation of the OKSM into target cells \[[@CIT0036]\]. It combines with histone acetyltransferase complexes and induces global histone acetylation, allowing for exogenous Oct3/4 and Sox2 binding to DNA \[[@CIT0040]\].

Additionally, Klf4 from Yamanaka\'s cocktail acts during the initial, stochastic stage of reprogramming. However, the level of genes regulated by Klf4 is changing not exclusively in the initial phase but also during the late phase. Therefore, it seems that Klf4 plays a dual role. It first inhibits the gene expression characteristic for a cell to be reprogrammed during the initiation of reprogramming. On the other hand, during the late phase Klf4 activates pluripotency genes \[[@CIT0036]\], e.g. Klf4 induces expression of *NANOG* and other genes characteristic for stem cells, by repression of p53 protein \[[@CIT0041], [@CIT0042]\].

While the first wave of transcriptional activity, driven by c-Myc and Klf-4, occurs within the first days of reprogramming, Oct3/4 and Sox2 are connected with the later stage of the reprogramming. The TFs of Sox family are well-established regulators of cell fate decision during development. Sox2 is one of the TFs involved during all of the stages of the reprogramming process \[[@CIT0043]\]. Initially, exogenous Sox2 is associated with the stochastic phase of reprogramming process, while the activation of endogenous Sox2 starts the hierarchical phase. Once endogenous Sox2 is activated, intracellular cofactors ensure that the proper set of target genes are being expressed. Sox2-dependent activation of *SALL4* and *LIN28* activates expression of genes associated with pluripotency such as fibroblast growth factor 4 (*FGF4*), F-box protein 15 (*FBXO15*), and DNA cytosine-5-methyltransferase 3β (*DNMT3B*). In turn, activation of endogenous *OCT3/4* and *NANOG* is observed \[[@CIT0039]\]. Moreover, Sox2-dependent induction of the pluripotency marker expression is connected with an active chromatin state. It was previously shown that endogenous Sox2 interacts with a chromatin modifier -- Wdr5, an effector of H3K4 trimethylation \[[@CIT0044]\]. As discussed earlier, Sox2 and other pluripotency factors (Oct3/4, Nanog, FGF4, Fbxo15, Lefty) work together, often binding to the same DNA sequence and thus intensifying the regulation of target genes \[[@CIT0036], [@CIT0045], [@CIT0046]\].

Oct3/4 was identified as being TF specific to early development \[[@CIT0047]\]. It is considered to be an essential component in all reprograming cocktails \[[@CIT0048]\]. It was shown, however, that exogenous Oct3/4 can be omitted by either use of mesendodermal specifiers such as GATA binding protein 4 (GATA4), GATA binding protein 6 (GATA6), sex determining region Y-box 1 (SOX1), and sex determining region Y-box 1 (SOX3) \[[@CIT0049], [@CIT0050]\] or selecting appropriate late hierarchical phase factors such as Lin28, Sall4, and Esrrb1 \[[@CIT0039]\]. Activation of gene expression by transgenic Oct3/4 occurs with a reorganisation of chromatin. It recruits not only chromatin remodelling complexes to the regulatory regions \[[@CIT0051]\], but also binds to closed chromatin, thus acting as a pioneer transcription factor \[[@CIT0040]\]. Moreover, activation of endogenous Oct3/4 is a crucial step to obtain fully reprogrammed, mature iPS cells \[[@CIT0036], [@CIT0052]\].

A cocktail of Yamanka\'s TFs activates the network of endogenous regulators of pluripotency, from which Nanog, a critical factor for mammalian development \[[@CIT0053]--[@CIT0055]\], is vital for achieving a pluripotency \[[@CIT0056]\]. Nanog interactome connects with multiple epigenetic regulators, e.g. (SWItch/Sucrose NonFermentable (Swi/SNF), Nucleosome Remodelling Deacetylase (Nurd), and Polycomb, which regulate the expression of genes important for ESC maintenance and early development (e.g. forkhead box D3 \[Foxd3\], SET domain bifurcated 1 \[Setdb1\], or Esrrb \[[@CIT0045], [@CIT0056], [@CIT0057]\]). Its expression is regulated at the epigenetic level. For example, Wdr5 is recruited to Nanog promoter in an Oct3/4-dependent manner to stimulate H3K4 trimethylation and activation of Nanog expression \[[@CIT0044]\]. Interestingly, the Nanog promoter undergoes faster demethylation compared with *OCT3/4* promoter during reprogramming \[[@CIT0056]\], but the Nanog function reveals itself only at the final stage of reprogramming when other factors are already available. Only then, can Nanog complete its function \[[@CIT0056]\].

While the main research focused on protein effectors downstream of pluripotency factors, it is worth stressing the important role of microRNAs for reprogramming and pluripotency \[[@CIT0058], [@CIT0059]\]. MicroRNAs are small non-coding RNAs, which have several cellular functions, including translational silencing. Based on sequence similarity, microRNAs are grouped into families and often are found in transcriptionally co-regulated clusters throughout the genome. Several studies have revealed that certain microRNA families are either upregulated (e.g. miR-290/295, miR-302/367, and miR-106a/363) or downregulated (let-7) in human pluripotent stem cells when compared to differentiated cells, suggesting that non-coding RNAs play a role in acquisition of pluripotency \[[@CIT0058], [@CIT0059]\]. Indeed, mouse embryonic stem cells derived from Dicer knockout mice that are deficient in microRNA biogenesis are not pluripotent \[[@CIT0060]\]. Moreover, sole overexpression of miR-302/367 cluster in fibroblasts induced their full reprogramming to iPS cells without a need for overexpression of OKSM or OSNL \[[@CIT0061]\]. Further studies have revealed that in mouse cells transcription of miR-290/295, miR-302/367, and miR-106a/363 clusters is controlled by Oct3/4, Sox 2, and Nanog, while Lin28 prevents maturation of let-7 \[[@CIT0058]\]. Similar observations were made in human pluripotent stem cells. Experimental and bioinformatic searches for targets of microRNAs expressed during reprogramming as well as phenotypic analysis of pluripotent cells lacking functional microRNA biogenesis pathway revealed that these microRNAs are probably involved in control of cell cycle progression and mesenchymal-epithelial transition, a process vital for reprogramming of fibroblasts \[[@CIT0058], [@CIT0059]\]. Some evidence suggests also that during acquisition of pluripotency microRNAs might be needed for senesce prevention \[[@CIT0058], [@CIT0059]\]. Consequently, in addition to hierarchical activation of proteins upon OKSM, the microRNA expression profile is changed as part of the response to the reprogramming trigger.

Growth factors involved in reprogramming {#S0006}
========================================

The leukaemia inhibitory factor (LIF)/Janus kinase (Jak)/signal transducer and activator of transcription 3 (Stat3) signalling pathway is the first known pluripotency-related signal transduction in naive mESC \[[@CIT0062]\] ([Fig. 3](#F0003){ref-type="fig"}). The leukaemia inhibitory factor is a member of the interleukin-6 (IL-6) cytokine family and binds to the LIF receptor. The leukaemia inhibitory factor together with the membrane protein gp130 forms a heterodimer receptor which phosphorylates Jak leading to activation of the Stat3 pathway and the phosphoinositide 3-kinase (PI3K)/protein kinase Akt pathway \[[@CIT0063]\]. Thereby, LIF is accountable for maintaining pluripotency in two ways: activation of Jak/Stat3 pathway increases the expression of Klf4 and Sox2, while PI3K/Akt cascade activates the expression of c-Myc and Nanog \[[@CIT0064]\]. Phosphorylated Jak also activates mitogen-activated protein kinase (MAPK)/extracellular-signal-regulated kinase (Erk) pathway, which is known to be involved in mESC differentiation \[[@CIT0065]\]. Jak/Stat3 signalling plays a key role in self-renewal of mouse ESC; however, this cascade does not reinforce self-renewal of human ESC \[[@CIT0066]\].

![Signalling networks in mouse and human iPS cells. Activation of LIF receptor triggers phosphorylation of Jak/STAT and PI3K/Akt. Jak kinase phosphorylates STAT3 leading to its homodimerisation and regulation of the target genes expression. PI3K/Akt pathway upregulates the expression of c-Myc and Nanog in mouse and human iPS cells. An important target of PI3K/Akt cascade is mTOR, which supports self-renewal of iPS by regulating Sox2, Oct4, and Nanog. FGF receptor activation leads to PI3K/Akt and MAPK/Erk phosphorylation and consequently maintains pluripotency](WO-19-24045-g003){#F0003}

Fibroblast growth factors (FGFs) bind to a family of tyrosine kinase receptors, the FGF receptors (FGFRs) \[[@CIT0067]\] ([Fig. 3](#F0003){ref-type="fig"}). Interaction between ligand and receptor triggers dimerisation of the receptor, autophosphorylation of the kinase domains located on the two receptor chains, and subsequently activation of the PI3K/Akt and MAPK/Erk signalling cascades \[[@CIT0068]\]. In MAPK/Erk pathway active (tyrosine-phosphorylated) receptors phosphorylate the Src homology 2 domain tyrosine phosphatase 2 (SHP2). The adapter protein-growth factor receptor-bound protein 2 (Grb2) containing SH2 domain binds to the receptor phosphorylated at tyrosine and to the Son of Sevenless (SOS) protein, which belongs to the guanine nucleotide exchange factors (GEF). Created complex activates Ras protein, which has GTPase activity, and afterwards it initiates phosphorylation cascade of Raf, Mek1/2, and Erk1/2 proteins \[[@CIT0069]\]. FGF/Erk signaling is thought to be responsible for promoting conversion from a naive to a primed pluripotency, and maintenance of the primed pluripotency state in cells by activating Nanog expression \[[@CIT0064], [@CIT0070]\].

Fibroblast growth factor also activates PI3K/Akt signalling, which is the only cascade playing an important role in promoting self-renewal of both human and mouse pluripotent stem cells \[[@CIT0071]\]. This pathway is activated by bFGF, insulin, and insulin-like growth factor (IGF) in hESC and by LIF in mESC \[[@CIT0072]\]. Chemical inhibition of PI3K pathway in mESC results in downregulation of Nanog, c-Myc, Klf2, Klf4, Esrrb, or T-box 3 (Tbx3) \[[@CIT0073]\]. In hESC, inhibition of PI3K signalling leads to initiation of differentiation and upregulation of Mix paired-like homeobox (MixL1), Eomes, Brachyury, and Goosecoid, mesoderm markers \[[@CIT0072]\]. PI3K/Akt signalling regulates the mammalian target of rapamycin (mTOR), which has been found to suppress differentiation of hESC into endoderm and mesoderm, furthermore mTOR maintains pluripotency by regulating the expression of pluripotency-related transcription factors Sox2, Oct3/4, and Nanog. PI3K pathway seems to modulate connections between different pathways in pluripotent stem cells \[[@CIT0074]\].

Conclusions {#S0007}
===========

The ability to induce cellular pluripotency raised a lot of hope for new disease models and for regenerative medicine. Therefore, over the last eight years enormous progress has been made in the development of reprogramming strategies. Additionally, deeper understanding of molecular aspects of pluripotency has been reached due to studies on Yamanaka\'s factors activity during reprogramming. Consequently, it is very likely that the discovery made just eight years ago will be used for clinical purposes less than one year from now. This in turn will accelerate further the methodological progress in the field of induced pluripotency with the most attention focused on safety issues.
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